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They recognized the many different mechanisms of surface runoff generation and made careful measurements of soil prop erties, even to the extent of digging trenches to sample and map soil-profile variability along hillslopes. The engineers who started these studies were highly talented and were wellsupported with personnel and equipment However, with the outbreak of World War II, most of the staff went to war and the funding was drastically cut Many studies were discontin ued and the objectives of the remaining studies were curtailed. An interestingfinding from some studies in Illinois was that the runoff from a watershed could not be adequately described merely by adding the products of the areas of soil mapping units and the runoff per unit area of small plots located within them. This finding was no doubt related not only to interflow and perched ground-water contributions to runoffand to com plex runoff-runon interactions along hillslopes, but also to the small-scale spatial variability of soils. I returned to the ARS in 1967 and was stationed in Fort Collins Colorado. At that time, the soil physicists in our or ganization were critical of our use of empirical infiltration equations in calculating rainfall excess. The implication was that we would solve the problem if we used the physically based Richards equation. The logical step was to couple the Richards equation for unsaturated porous media flow with the overland flow equations. This was achieved by Smith and Woolhiser (1971) in an experimental and analytical study. The increasing concerns of society regarding environmental prob lems in the 1960s and 1970s led to greater research emphasis on erosion and transport of agricultural chemicals. Now the trend seems to be toward describing the hydrology of large basins to evaluate the effects of possible climate change on water supply, floods, erosion and sediment transport, etc.
Currently, we seem to have two opposite trends. Physically based distributed models are gaining greater acceptance in the engineering community, not only for estimates of runoff vol umes and peak rates, but also for estimating soil erosion and transport of nonpoint pollutants. However, some in the re search community and some practitioners as well have raised warnings and have suggested that this type of modeling is transscientific, and that simpler models should be used. My objective is to attempt to reconcile these seemingly irrecon cilable opinions.
CRITICISMS OFPHYSICALLY BASED MODELS
There are two classes ofcriticisms ofphysically based mod els:
1 Current physically based models are not really based on physics. If the models have a true physical basis, we should be able to estimate theparameters a priori or mea sure them in the field, yet such estimates have a great deal of uncertainty. Further, it is more difficult to cali brate physically based models because they are overparameterized. "For now, it is sufficient to conclude that the current generation of distributed physically based models are lumped conceptual models." (Beven 1989).
If there is an example of a computational hydraulics problem that has been defeated by the wealth of detail necessary for a practical solution, it must be this one. We are nowhere near to describing the hydraulic properties of a watershed. There have been useful advances and pro grams, but many of the watershed programs require the tuning of so many knobs that they are no better than sta tistical black boxes. (Liggett 1990) 2. Physically based models are not as accurate and are more likely to be misused than simpler models.
To deal with these criticisms, we must first consider the size ofthe hydrologic systems we arc dealing with and the purpose of the modeling effort. recently, we have been concerned with the effects of climate change on these factors. There seems to be little disagreement regarding the usefulness of physically based models for un derstanding hydrologic systems, so why is there so much con cern about their predictive capabilities? This concern seems to arise from three sources: (1) Scientific papers, which conclude that certain models perform poorly in predicting runoff from experimental catchments; (2) perceived difficulties in estimat ing model parameters; and (3) a fear among researchers and some practitioners that models are being "oversold" or are being applied in inappropriate circumstances by persons who do not understand the model.
ACCURACY AND SCALE OF PHYSICALLY BASED

MODELS
Although there were calls for comparative model testing earlier, Loague and Freeze (1985) were the first to respond with a'thorough study that included a physically based model. Their objectives were commendable: to compare the predictive capabilities "of a distributed, quasi-physically based (Q-P) model (Engman and Rogowski 1974 ) with a regression model "and a unit hydrograph model with a Phi index loss function.
They used data from three experimental watersheds: Water shed R-5 0.1 km2 in the Washita River Experimental Water shed inOklahoma; Watershed WE-38, 7.2 km2, in Mahantango Creek Experimental Watershed in Pennsylvania; and catch ment HB-6, 0.13 km2 in the Hubbard Brock Ecosystem Study in New Hampshire. The data were divided into calibration and validation sets and the Nash-Sutcliffe efficiency criterion was used to compare model predictions of runoff volume, peak flow rate, and time to peak. They concluded that none of the models performed very well and that the quasi-physically based model was acceptable only on the R-5 watershed.
There have been many justified criticisms of this work. One deals with the choice of watersheds. The quasi-physically based model is based on the kinematic routing of runoff gen erated by the Hortonian mechanism, while the saturated hy draulic conductivity ofthe forested Hubbard Brook catchment was much greater than the greatest rainfall intensity, so one
would not expect the model to apply. The Mahantango Wa tershed is also marginal in this regard, because it is known that there are other mechanisms, saturated overland flow and interflow, that are significant. The two largest events (where the Hortonian runoff could be significant) were eliminated from the data because the durations were too long. Acareful examination of the Nash-Sutcliffe statistics reveals that the quasi-physically based model actually performed better than the other two for peak and volume at R-5, in spite ofthe fact that parameters for the other two models were estimated from the calibration data set while the parameters for the Q-P model were estimated a priori. Further, the poor time-to-peak effi ciency statistic for the Q-P model was strongly influenced by one long storm where runoff continued for many hours andthe model predicted the peak at the early part of the storm, while the real peak (not much different in magnitude) occurred many hours later! This type of error has no practical or the oretical significance. Another factor that must be considered in this study is that a broadcrested weir is used to measure runoff from R-5. The weir pond is large enough to signifi cantly affect the outflow hydrograph from the watershed, yet no "ponding corrections" (Brakensiek et al. 1979) were made.
The regression model and the unit hydrograph model were automatically calibrated to the effects of the pond while the O-P model attempts to predict inflow to the pond. In addition, the storage in the weir pond below the notch elevation is greater than the volume of many of the events in the runoff record, and there is no record of the water level in the wenpond before each runoff event. Consequently there is a great deal of noise in the data for the small runoff evente. Final y, only one rain gauge was used to provide input to the models, and the runoff per unit area ofmany ofthe runoff events was smaller than the resolution ofthe rain gauge. As we shall see,
Zs is more important for the Q-P model than for the other two We must conclude that the Q-P model with parameters estimated a priori is actually better than the two models for the watershed to which it applies, although the efficiency sta tistics are not impressive. The maximum forecasting efficien cies for the volume and peak rate achieved by League and Freeze (1985) for R-5 were 0.25 and 0.71 (after calibration), Goo^rich (1990) plane elements as the sum of hydrographs from n parallel planes, each having ahydraulic conductivity equal to the mean of the ith increment of a lognormal cumulative distnbution function, i =1 n. Goodrich (1990) applied the model to four small watersheds in the Walnut Gulch Experimental Wa tershed operated by the ARS, USDA in southeastern Arizona.
Rainfall and runoff data from watersheds LH-106, 0.36 ha, LH-102 1.46 ha; LH-104, 4.40 ha; and WG-11, 631 ha were divided'into calibration and verification sets. All parameters were identified based on published information and limited field studies. Initial soil water content was estimated at each rain gauge using a water balance model CREAMS (Knisel 1980 Hughes and Beater (1989) used data from six Walnut Gulch Watersheds (43 large events) with a lumped and semidistnbuted conceptual model. Their best forecast efficiencies were -0 02 and 0 01 for the lumped and semidistributed version of their model where no parameter adjustment was allowed for verification events. We have no evidence here for the superi ority of "simpler" models at this scale! To put the results of Goodrich (1990) into perspective, how ever, we must consider the related work ofMichaud and Sorooshian (1994a), who used the same distributed runoff model (KINEROSR) on WG-1, the entire 150 km2 Walnut Gulch Experimental Watershed. Their objective was to determine whether distributed runoff models would be useful for real time flash-flood prediction in semiarid regions. Accordingly they used rain gauge densities similar to those found at flashflood warning sites (one gauge per 20 km2) instead of all ap propriate gauges on the watershed. They compared the accu racy of the KINEROSR predictions with those of a simple distributed model based on the Soil Conservation Serv.ce (SCS) method and a simple lumped model (also based on the SCS method).
.... aP Michaud and Sorooshian (1994a) concluded that: None of the models investigated here were able to accurately simulate peak flows or runoff volumes for individual events. Models showed somewhat more skill in predicting time to peak and the peak to volume ratio." In a related study, Michaud and Sorooshian (1994b) showed that the rainfall errors due to too few rain gauges were responsible for about half of the simu lation errors. They also pointed out that KINEROSR, which has nonlinear routing algorithms, may be Jfie.tensmve to rainfall errors as demonstrated by Singh and Woolhiser (1976) .
What factors are responsible for the deterioration of model accuracy as watershed size increases? It is not possible to ex amine all possibilities in detail. Certainly, the distortions in volved as the scale increases are a major factor. Michaud and Sorooshian (1994a) reported that the length of the pervious planes used in their watershed discretization ranged from 76 to 1701 m. It is clear that elements of this size include sig nificant channel networks, which would have different hy draulic properties and infiltration properties than the hillslopes contributing runoff to them. One can no longer claim much (ifany) physical significance given plane elements ofthis size. What we are really doing is hypothesizing that the runoff gen eration and routing dynamics in the complex real system are similar to the runoff generation and routing characteristics of flow from aplane element. At smaller scales, this may not be abad assumption. Indeed, Goodrich (1990) developed an al gorithm for combining plane and channel elements into single plane elements that have nearly the same hydrologic response His procedure involved maintaining basin area, mean overland flow length, average slope and soil P™^.^*^J teristic response time (equilibrium storage divided by ra.nfaH rate) by adjusting Manning's n. However, his results were for amuch smaller scale «631 ha), so it cannot be assumed that they also hold at a larger scale.
Another factor that would change with scale is the coeffi cient of variation, C" of saturated hydraulic conductivity. The algorithm in KINEROSR and the values of C" may be ade quate for very small scales, but it is certain that there would bemuch greater variability over the elements used by Michaud and Sorooshian (1994a) . It may be that a lognormal distribu tion is no longer appropriate. Possibly a mixture oftwo dis tributions, one for the hillslopes and one for the channels, would be an improvement However the parallel plane algo rithm most certainly would not be adequate because of the directional nature of the flow and possible runoff-runon inter actions.
ESTIMATION OF PARAMETERS
It is clear that distributed runoff models have more param eters than simpler lumped models. Indeed, if we assign dif ferent values for each parameter at each computational node there can beno question that the model is 4'wildly overparameterized in a systems simulation sense" (Beven 1989), unless it is possible to directly measure the parameter values or es timate them from physical considerations. Ifthe computational scale is large compared with the scale ofspatial variation, then the parameters become '•effective values"and cannot be mea sured. If we attempt to adjust or optimize them by comparing observed and simulated runoff, we must reduce the dimen sionality of the problem by making some regularity assump tions and by a priori estimation of parameters to which the model is insensitive. It is also known that there are significant interactions between some parameters. "Parameter interaction is inherent in the physics of hydrological systems and given the number ofparameters available in physically based mod els, any optimization of parameters must be subject to far greater problems of interaction than simpler lumped models" (Beven 1989) . Is the situation for physically based models hopeless and are simpler models so much better?
One cannot disagree with the fact that it is difficult or im possible to calibrate models with many interacting parameters. It also appears that many ofthe problems associated with pa rameter estimation may, in fact, be due to poor measurements ofthe spatial and temporal characteristics ofrainfall and/or to differential sensitivity of the parameters for small and large events. However, as we gain experience in model testing with accurate hydrologic data from different climatic regions over a range of basin scales, we may well find some regularities that will help provide initial parameter estimates orwill guide optimization strategies. The works of Goodrich (1990) and Michaud and Sorooshian (1994) give us valuable insight into problems of calibration for watersheds when Hortonian runoff is the primary runoff generation mechanism, and where the importance ofinfiltration into the channels becomes more im portant with an increasing basin scale. Itis especially revealing that parameter sensitivities change dramatically with both ba sin scale and magnitude of the rainfall input For example, Goodrich (1990) found that runoff volume, peak rate, and time to peak were insensitive to Manning's n on both planes andchannels for watershed LH-106 (0.36 ha), while Michaud and Sorooshian (1994a) found thatrunoff characteristics were very sensitive to Manning's n in channels. Physical reasoning would lead us to this conclusion as well: because LH-106 has a very short response time, the basin is frequently driven to near equilibrium. Under this condition, the peak rate and time to peak are primarily dependent on the rainfall intensity pat tern. However, for WG-1 (150,000 ha), infiltration into the channels is often as great (or greater) than the runoff volume, so Manning's n as well as the channel geometry is important.
It would be worthwhile to carry out similar studies on water sheds inmore humid regions where theHortonian surface run off is important yet channel losses are insignificant.
The importance of high spatial and temporal resolution of rainfall data cannot be overemphasized. To conclude that a physically based model isa poor representation of reality -when it fails to predict runoff well when the rainfall data are insuf ficient is akin to condemning a beam flexure formula because it fails to estimate the proper displacement when the wrong distribution of load is applied. Most hydrologists recognize the importance of the spatial variability of rainfall on the large scale. However, it is surprisingly significant on the small scale as well. A detailed study of rainfall variability was made on one of the watersheds used by Goodrich (1990 installed nine recording rain gauges and standard gauges on a 30 m grid within WG-104 (4.4 ha). Faures et al. (1995) found that the spatial variability of rainfall can have a significant impact on model predictions of runoff even on this small scale. When five simulations were conducted for eight storms using input from only one of five recording rain gauges, one ata time, the coefficient of variation for peak rate and runoff volume ranged from 9 to 76% and from 2 to 65%, respectively. They concluded: "The results of this study in dicate that if distributed catchment modeling is to be con ducted at the five hectare scale, knowledge of the rainfall var iability on the same scale is required. Asingle rain gauge with the standard uniform rainfall assumption can lead to large un certainties in runoff estimation." . It is also true that difficulties in the optimization of parameters will re sult from the poor spatial resolution of rainfall data.
OVERSELLING MODELS
There have been several references in the literature to the problem of overselling of physically based models and the dangers involved in using models without adequate under standing. For example: "I have considerable concern about the practical application of the current generation of physi cally-based models. Software packages will soon be available to consulting engineers to allow such models to be used in a wide range of applications. There is a great danger that the theoretical rigor thatunderlies these models will engender un critical belief in their predictions" (Beven 1989).
"Hydraulic engineers working with fluvial systems must recognize and avoid pitfalls associated with the use of math ematical models and expert systems (artificial intelligence) without full knowledge of the strengths and limitations" (Si mons 1992).
"In using hydrologic models, the context of the original purpose and development is often lost, so they are applied to situations beyond their capabilities" (Grayson et al. 1992) .
I cannot disagree with any of these comments. Certainly, at each step in any analysis with any model, theuser should ask the questions: "Does this make sense?; "What is the level of uncertainty of my prediction?"; "Does this level of uncer tainty render the analysis meaningless?"; etc. However, these concerns apply to the simpler models as well as the more complicated physically based models.
PROBLEMS IN MODELING SMALL RUNOFFEVENTS
In a thorough scientific testof physically based runoffmod els, it has appeared desirable to include events with a range of initial conditions, timepatterns of rainfall, and totalrainfall (and runoff) amounts. This ensures that the ability of the model to handle small-and large-scale spatial variability wilt be tested. However, it is important to appreciate the very sen sitive nature of surface runoff modeling for small events (where the runoff is a small proportion of the rainfall) so that we don't have unrealistic expectations. Let us consider the problem atthe hillslope scale. We will consider a plane surface with spatially varied saturated hydraulic conductivity Ks. Sev- Freeze (1980) and Smith and Hebbert (1979) found that spatial variability was very important for small storms, and that runoff response could not be closely approx imated using average saturated conductivities.
To appreciate some of the subtleties involved, it is helpful to formulate the surface runoff problem in a kinematic char acteristic framework (Woolhiser et al., in press, 1996) . Char acteristic nets are shown in Fig. 1 for the hillslope example of Smith and Hebbert (1979) with the low rainfall intensity (88.8 mm/h) and duration, D = 20 min, for the cases of uniform K, and Kj decreasing and increasing downslope. Hydrographs for these three cases are shown in Fig. 2 (case 4 has uniform saturated conductivity, in case 5 the saturated conductivity de creases downslope, and in case 6 the saturated conductivity increases downslope). The extreme variability of the hydrographs can be easily explained by examining the characteristic nets. We see that for all three cases, only a portion of the hillslope, Lc, contributes runoff to the downstream boundary because infiltration after the rainfall ends depletes the water en route. The case where Ks increases is the most extreme with only about 5 m of the hillslope contributing. Random variation of Ks around a mean value with the same standard deviation would lead to hydrographs with greater volume than the uni form case, but smaller than the decreasing K, case. The re sponse variability decreases as rainfall rates increase. Obvi ously, if there are trends in K, in the field, a model that does not take them into account will provide a very poor prediction.
Another possibly important aspect of hydrology is the de gree of interaction between runoff water and infiltration after rainfall has stopped. In the KINEROS model there is a param eter, hc (RECS in FORTRAN), which is conceptually related to the effect of the microtopography on infiltration during re cession. If hc = 0, the entire wetted area is subject to infiltration loss when rain stops. If hc > 0, the effective infiltrating area per unit wetted area is linearly related to the ratio of the local average depth, h, to hc if h < hc. If hc > 0 and h > hc, the entire wetted area is subject to infiltration. This parameter was added when it was found that the model tended to underestimate recession hydrographs for plot data. On natural surfaces there is a concentration of flow into rills and we should expect this to affect recession infiltration rates. In testing on natural wa tersheds at a small scale, we haven't found the results to be very sensitive to hc. However, it appears that there could be situations where hc is very important. Fig. 3 shows the char acteristic net obtained by setting hc = 1 cm for the case with K, increasing downslope, and comparative hydrographs are shown in Fig. 4 . Under this condition, more of the water in transient storage on the hillslope at the time rainfall stops can Woolhiser et al. (In press, 1996)] reach the lower boundary, resulting in dramatically different hydrographs.
The conclusion that can be drawn from these examples is that the runoff generation mechanism is exceedingly compli cated for small runoff events under partial equilibrium con ditions and we should expect poor agreement between model results and field flow measurements unless we have very de tailed field measurements of the soil properties, rainfall gra dients, and the microtopography. One can infer that the model structure and mechanisms for handling postrainfall infiltration will become much more important as the scale of watershed elements (planes, stream tubes, pixels, etc.) increases, espe cially in arid or semiarid regions. This is an area that requires further research.
ANALYSIS AND CONCLUSIONS
Can the search for a physically based distributed runoff model be described as a hydrologic El Dorado? Is a physically based hydrologic model a hydrologist's delusion? I believe the answer depends on the scale, the scope, and the purpose of the model. I agree with earlier commentators that physically based models are useful in understanding certain aspects of complex hydrologic systems. However, I also believe that they can be used in a predictive sense for small watersheds where the overland flow is generated by the Hortonian mechanism. Some studies, which purport to show that simpler models are superior to physically based models for prediction are severely flawed. At best we might say that for intermediate and large watersheds simpler models will give equally bad answers at a lower cost. For engineering purposes, we are usually interested in large events where the impact of spatial variability is not as important as for small events. For this reason we must be very careful in interpreting comparisons based on rather insig nificant runoff events.
Carefully designed tests with carefully checked hydrologic data are extremely useful and should be encouraged. Thisis, the only way that we can identify model shortcomings aficTtry to improve them. The assumption that we can obtain accurate a priori estimates of all parameters of physically based runoff model using current techniques is incorrect We know from field studies that there will be considerable uncertainty in some parameter estimates or measurements and that there are sub stantial small-scale variations in soil properties. However, we often have auxiliary data that can be used to check the rea sonableness of parameter estimates and we may be able to obtain limited rainfall and runoff data to improve these estimates.
We must always retain a certain degree of skepticism re garding the predictions of physically based models (and those 128/JOURNAL OF HYDRAULIC ENGINEERING / MARCH 1996 of simpler models as well). We must remember that new laborsaving techniques to obtain watershed descriptions, such as geographic information systems (GIS), cannot improve model accuracy if the model structure is badly distorted or is being applied at an inappropriate scale.'
